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Abstract

This dissertation presents work that examines the use of polystyrene
b-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer thin films as
nanoporous templates. Diblock copolymer thin films are able to microphase
separate to produce microdomains on the nanometer length scale.
Cylindrical domains can be perpendicularly oriented when cast as a thin film
on a neutral surface.

From the perpendicularly oriented cylindrical

microdomains, nanoporous templates can be created.
Cylindrical domain block copolymer templates can lead to the
production of nanostructures, but the lack of long range ordering prevents the
use of diblock copolymer template for some industrial applications.
Graphoepitaxy utilizes a patterned substrate to direct epitaxial growth of long
range order of the cylindrical microdomains. The role of graphoepitaxial
parameters including trough width and mesa height on the ordering process
of cylindrical domains in diblock copolymers thin films is monitored in this
study. The quantification of order was achieved by the calculation of the
order parameter from the Fast Fourier transform. An increase in order was
observed in samples prepared on the mesas and in troughs of widths up to 20

µm, and mesa heights in the range of 1.0 to 5.0 L0• The role of molecular
weight on the kinetics of the ordering process of cylindrical domains in diblock
copolymers thin films is also examined. The kinetics of the ordering process
is quantified for lower molecular weight copolymers (Mn = 63,000), but no
iv

ordering is observed for the same time scales (up to 144 hours) for larger
copolymers (Mn = 230,000). The reduction of the rate of formation of long
range order is attributed to the impeded diffusion of higher molecular weight
polymers. These results demonstrate that there exists an upper limit on the
molecular weights of diblock copolymers that can be used to create
nanoscale templates with long range order, which also translates to an upper
limit in pore size and spacing in these templates.
While diblock copolymer templates are well established as a method to
produce nanoscale arrays, the size scale of the template is limited by the
molecular weight of the copolymer. For larger molecular weight polymers the
diffusion rate is retarded which prevents the development of long range order.
This work explores the use of solvent annealing to improve long range order
of high molecular weight diblock copolymer templates. By annealing
copolymer thin films in a solvent rich environment increases the diffusivity of
the high molecular weight copolymer increases, which improves long range
order over experimental time scales.
Diblock copolymer templates are an effective method for patterning
nanoscale features that are able to produce vertically aligned carbon
nanofibers. We report the ability to control the size and spacing of patterned
nickel nanoparticles by controlling the molecular weight of the diblock
copolymer template. These nanoporous templates are able to create catalytic
nickel nanoparticles with diameters as small as 18 nm with a center to center
spacing of 32nm.

From these catalytic nanoreactors, arrays of vertically
V

aligned carbon nanofibers are grown via plasma enhanced chemical vapor
deposition.
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Chapter 1
INTRODUCTION
1.1 Diblock Copolymer Templates
A copolymer is a polymer chain that is composed of two or more
monomers. A block copolymer is a polymer chain that is synthesized to form
distinct regions, or blocks. All the monomeric units in a particular block are the
same. If the polymer chain consists of two blocks with each comprised of one
unique monomer, it is diblock copolymer.1 Block copolymers can be
synthesized a variety of ways. The most common method is to utilize a
"living" polymerization such as anionic, or a "living" free radical
polymerization. 2
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Living" polymerization allows for the synthesis of a

homopolymer block that retains an active species at one end. Once the first
block is synthesized to the desired chain length, the second monomer can be
introduced and polymerized from the first block creating the diblock
copolymer of the composition and molecular weight/chain length desired.
One feature of diblock copolymers that is of great interest above all
others, is that diblock copolymers will spontaneously form microphases on the
length scale of 10 to 100 nm. 2 The formation of microphases occurs because
most polymers are not miscible with each other. Unlike two mixed
homopolymers, diblock copolymers are covalently bound to each other.
Therefore, the scale of the phase separation is limited to the size of the
polymer molecules themselves.

1

The thermodynamics of microphase separation of a diblock copolymer
can be understood as the balance of one enthalpic and two entropic
contributions. 2• 3 The enthalpic contribution is due to the unfavorable
interaction between the two different monomers. In order to reduce the
interaction between the monomers, there is a driving force to reduce their
interfacial area. To this end the linkages between the blocks will be tightly
packed in the minimal area, creating an interface between the blocks. To
achieve this there is an entropic loss due to the fact that the blocks must to
stretch into an extended chain conformation. There is also an entropi� loss
due to the forced localization of the block linkages at this interface.
The composition of the diblock copolymer controls the geometry of
the microdomain structure. 2• 3•4 As shown in Figure 1.1, a diblock copolymer
will manifest a spherical microdomain when the amount of the minor phase
consists of approximately 17% or less. As the amount of the minor phase is
increased the microdomains will take on a cylindrical state. As the amount of
the minor phase further increases a gyroid phase is formed. As the
composition becomes nearly symmetrical, the diblock copolymer manifests a
lamellar phase.
The molecular weight of the polymer determines the size of the
microdomains. However, there are limitations to the accessible size scales of
the microphase separated domains. 5 The smallest accessible domain size is
limited by the product xN, where xis the Flory-Huggins interaction parameter
and N is the number of monomers in the copolymer chain,
2
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Figure 1.1: Schematic showing the possible microdomains for a diblock
copolymer as the composition is changed. 2

3

such that when x,N < 10.49 the copolymer is phase mixed.6 The upper size
limit is set practically by the kinetics of the microphase separation process
which is slow for high molecular weights.5 The driving force for phase
separation increases with molecular weight because as MW increases, N
increase, thus increasing the product x,N into the strong segregation regime of
the phase diagram. Microphase separation occurs very rapidly in the strong
segregation regime because microphase separation is a local process that
requires only short-range motions of the polymer chains.
Block copolymers used in industrial applications were traditionally used
as adhesives or for their mechanical properties.3 More recently diblock
copolymers have shown promise for a wide range of applications in
nanotechnology. One possible application for diblock copolymers that exhibit
nanoscale features is to use them to create highly ordered templates. To
make full use of this technology, controlling the orientation of the microphases
is imperative. In the bulk, diblock copolymers will form microdomains that
have random orientations. However, controlling how the microdomains are
oriented is key to utilizing diblock copolymers to pattern nanoscale features.
Diblock copolymers that exhibit a cylindrical morphology hold promise to be
used as nanoscale templates. To be used as templates the cylinders must be
oriented perpendicular to a surface and the substrate.
Controlling surface interactions is imperative to create a perpendicular
alignment of the cylindrical microdomains. Previous work by Russell has
demonstrated that a diblock copolymer of poly(styrene-b-methyl
4

methacrylate) can be oriented perpendicular to a substrate by the control of
copolymer/surface interactions. 5•7 When a diblock copolymer of PS-b-PMMA
is cast onto a silicon substrate the PS will preferentially migrate to the
air/polymer interface due its it's lower surface energy and the PMMA will
preferentially wet the polymer/silicon interface due to hydrogen bonding
interactions with the silicon oxide layer.8 This creates a morphology in which
the cylinders are oriented parallel to the silicon substrate. lln order to achieve
perpendicular alignment of the microdomains these preferential segregations
must be over come. By creating a condition where both blocks have an equal
affinity for the substrate surface, a neutral surface is creating allowing the
microphases to orient perpendicularly from the substrate surface (Figure 1.2).
The neutralization of a silicon substrate can be achieved in two ways;
passivating the silicon substrate, or attaching a random copolymer brush to
the silicon substrate.5•9 Passivation is achieved by removing the native silicon
oxide layer with a hydrogen fluoride etch. By removing the native oxide layer,
the favorable polar interactions between the PMMA and the oxide layer are
eliminated. When the favorable interactions of the PMMA block to the silicon
substrate are removed a condition where both blocks have an equal affinity
for the substrate surface is created, thus making the surface neutral.
Another method that neutralizes any favorable interactions is the utilization of
a random copolymer that is end functionalized with a hydroxyl group. This
functional group allows the random copolymer to bind to the silicon oxide
layer on the silicon
5

Perpendicular Orientation of Microphases
-

-

Figure 1.2: Diagram of the desired orientation of the microphases that is a
result of a neutral surface.

6

substrate creating a brush on the silicon substrate. If the brush is to be
effective in the vertical alignment process, the composition of the random
copolymer must be tuned to create a neutral surface for either block. For use
with a PS-b-PMMA copolymer, the random copolymer must have a mole
fraction of styrene equal to 58% which was determined experimentally by
Russell et. al. 9- 1 1 Preferential segregation of either PS or PMMA to the
substrate surface is prevented due to the balance of interfacial energies of the
blocks with the random copolymer brush.
The preferential segregation of the PS to the air/polymer interface is
due to its lower surface energy. The surface energy of PS is lower compared
to the surface energy of PMMA. 12 This segregation can be eliminated by
controlling the thickness of the polymer film. Kim et. al. has demonstrated
that the perpendicular orientation of the domains is a function of film thickness
for asymmetric diblock copolymer thin films. 1 3

The dependence of the

orientation of cylindrical microphases on the thickness has been well studied
as demonstrated in a recent review. 14 The thickness of the polymer must be
equal to the center to center interdomain distance (Lo) in order to achieve the
desired perpendicular orientation of the cylindrical microdomains. A polymer
film of a set thickness will manifest itself in the energetically most favorable
morphology of terraces with thickness equal to (n+½)Lo and (n-1/2) Lo, n
being any integer greater than 0, with domains parallel to the surface.

15

However, if the film thickness is -L0 the polymer is effectively confined to a
single thickness, even if there is not confined between two hard interfaces.

16

7

This is a result of the time scale of phase separation occurring much quicker
than terrace formation. Therefore, with the elimination of terrace formation as
an option, the film must manifest in a higher energy morphology. The lowest
free energy morphology still available is a perpendicular alignment of the
microdomains.

15

This reduction of free energy is sufficient to overcome the

preferential segregation of PS to the air/polymer interface that is a result of
the lower surface energy of PS compared to PMMA.

17

Therefore, the

segregation of PS to the air/polymer interface can be overcome by the control
of film thickness.
There is a sensitivity of the film thicknesses available to induce the
perpendicular orientation of the microdomains. If the film thickness exceeds
Lo by a half layer or less the excess material will form islands, if the film
thickness is less than Lo by less than a half layer then the deficit is overcome
by forming holes in the film. 18• 19 The formation of islands and holes allows the
polymer film to manifest at the correct film thickness by drawing material from
adjacent areas to form terraces.
Samples that are prepared under the conditions described above and
annealed above the glass transition temperature (T9) to allow for chain
mobility and reorganization, will produce an array of vertically aligned PMMA
cylinders in a PS matrix. PMMA is a known negative photoresist and can be
easily removed by exposing the sample to 254 nm wavelength ultraviolet light
which selectively degrades PMMA by chain scission, while cross-linking

8

the PS matrix.7 This is followed by a wash in acetic acid, a selective solvent
for MMA, as described in previous work by Thurn-Albrecht et al.7 (Figure1.3)
The result is a nanometer scale template of hexagonally close packed pores
that does not exhibit any long range ordering. (Figure 1.4)
1 .2 Graphoepitaxial Ordering of Cylinders

Previous work has demonstrated that long range order of the polymer
template can be improved by utilizing substrate topography to induce
graphoepitaxial ordering.20 Graphoepitaxy, or artificial epitaxy, utilizes a
surface relief structure to direct epitaxial growth and improve ordering of an
overlying film. 20 (Figure 1.5) Graphoepitaxy has been used for directed
crystal growth of metal and polymer films.21 -23 Recently, Segalman et al. have
shown that a patterned silicon substrate can induce improved long range in
plane ordering of spherical domain block copolymer thin films. A copolymer
of polystyrene-b-poly(2-vinylpyridine) (PS-PVP) with fpvp - 0.12 was
synthesized and floated onto a patterned silicon substrate. After annealing a
single crystal of the diblock microphase was formed across the width of the
trough.
The improved ordering is a result of the presence of a hard edge that
conveys translational order onto the hexatic phase.24 The hexatic phase is an
intermediate phase of 2D melting that is between the solid and liquid phases
as described by the Kosterlitz, Thouless, Halperin, Nelson, and Young theory
(KTHNY theory). 25-27 The melting transition from a 2-D crystal to a liquid will
proceed through an intermediate phase. This phase is the hexatic phase the
9

Acetic Acid
Was

Figure 1 .3: Diagram depicting the removal of the PMMA cylinders by UV
radiation exposure and acetic acid wash to create the nanoporous template.
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B.

Figure 1.4: A). 2 µm2 AFM image B). SEM image o f the resulting
nanoporous template that is created after the PMMA has been removed.
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Figure 1.5: Diagram depicting the patterned silicon substrate that is used for
graphoepitaxially induced ordering where CN) is the width of the trough and
mesa, (H) is the height of the mesa, and (X) is the thickness of the polymer
film.
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which contains short-range translational order and quasi-long-range
orientational order. Therefore, the molecules, or in this case the
microdomains, are all oriented in the same direction relative to some fixed
axis but are not separated by defined distances. Previous work has
demonstrated that the edges of a patterned substrate influence the
translational and orientational order in the block copolymer domains near the
edge, as well as whether or not the surrounding copolymer array is
polycrystalline. A consequence of this is that the 2-D hexatic to isotropic
liquid transition should be a function of distance from the hard edge which has
been observed in previous work.28 This indicates that ordering that is induced
at the hard edge propagates toward the center of the trough. Therefore,
ordering near the edge will be equal or superior to the order that is achieved
in the center of the trough.
The translational order that is achieve at the hard edge of the trough
on the patterned silicon substrate is observed to be superior to the
translational order that is achieved by the vacuum edge of the mesa.24 The
observations by Segalman demonstrates that the spheres are oriented in the
troughs with a close packed direction that is parallel to the hard edge of the
patterned substrate, which maximizes the number of spheres in close
proximity to the edge. However, the spheres that are templated by the
vacuum edge are a result of a different mechanism, where the polymer
surface is curved at the mesa edge due to the surface energy of the polymer
film. The curved polymer film thins as it approaches the edge, which
13

compresses the spheres closest to the edge. The curving of the polymer film
near the edge reduces the surface area of the film, thus minimizing surface
energy, and also reduces the thickness of the film. As there is a minimum
film thickness that a single sphere can fit into, a single row of spheres is
observed at a distance from the mesa edge. In the case of the cylindrical
domain system, it is expected that this thinning will not induce ordering in the
cylindrical morphology, as the change in film thickness should not impart the
ordering of the 2-0 cylinders. thereby eliminating any ordering effects the
vacuum edge could have. It is not known if graphoepitaxy will be effective at
inducing long range order of cylindrical morphologies of microphase
separated diblock copolymers. This ordering technique been able to improve
long range order in spherical domains, however cylindrical domains possess
a more direct method for producing templated nanostructures.
The goal of these experiments is to understand the parameters that
create the most well ordered system, not only in the troughs but on the mesas
as well. A better understanding of what parameters affect the ordering
process can lead to the production of highly ordered arrays of nanostructures.
Because polymer molecular weight can have such a significant effect
on the kinetics of ordering, it is unknown how increasing the molecular weight
of the polymer used would effect the ordering achieved by graphoepitaxy
though the size of the microdomains must be affected by the molecular
weight of the polymer. While currently the accessible range of microdomains
size is 1 4 -50 nm, the ability to understand and improve the order achieved in
14

larger molecular weight polymers will lead to a wider range of accessible size
scales from which nanostructures can be created. The ability of diblock
copolymers to template nanostructures in a cost and time effective manner
make them well suited for industrial applications, and if the accessible size
scale is broadened a new range of applications can utilize this technology.
When the polymer is of a large enough molecular weight it may be
expected that the kinetics of the system will be so severely slowed that no
improvement to the ordering of the system can be observed on experimental
time scales.

The orientation of the microdomains occurs slowly as

molecular weight increases because it requires the coordination of many
chains. This coordination is limited by the rate of diffusion for the polymer
chains. As molecular weight of the polymer increase the diffusivity of the
molecule is reduced as shown in equation 1. 1. It is not known if
graphoepitaxy is an effective method for improving the long range order of
high molecular weight cylindrical domain diblock copolymers.
D -- N"2

(1 .1)

1 .3 Solvent Annealing

A more recent method that has been introduced to improve the
ordering of diblock copolymer templates is the use of solvent vapor saturation
of the film or solvent annealing.29 In this technique, an improvement in
ordering occurs by controlling the rate of solvent evaporation or by exposing
the copolymer films to a solvent rich environment. This procedure is able to
improve the long range order of the diblock copolymer template due to the
15

solvent swelling the polymer matrix which permits greater mobility of the
polymer chains. The improved mobility of the polymer chains is a result of the
solvent swelling which allows the chains to become mobile and reorganize as
if they are raised above there T9 . The creation of free volume in the film is
able to effectively lower the T9 of the polymer to below room temperature. The
result is improved mobility of the polymer chains, which leads to the formation
of highly ordered microdomains more rapidly than when the film is
temperature annealed. Ordering that is achieved by this technique exhibits a
strong time dependence. In recent work by Kim et al, a diblock copolymer of
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was used to create a
nanoporous template that was prepared using solvent annealing. 29 The
removal of defects was examined as a function of exposure time. The
desired ordered array is hexagonally closed packed array, therefore defects
are defined as points that have either five or seven neighbors, not the desired
six. This technique was able to remove half of all defects in the template
within 1 hour, after 48 hours all defects had been removed from a 2 µm x 2

µm area. Unfortunately the solvent improves the mobility of the polymer
chains to a level that even at room temperature the film will dewet after long
anneal times.
The proposed mechanism for the induction of long range order in the
polymer template is different from templates that are ordered using high
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temperature annealing. The proposed mechanism ordering is initiated at the
air polymer interface and diffuses down through the film. 29-32 As described
earlier, copolymers that contain immiscible blocks are driven to microphase
separate, the solvent mediates the non-favorable interactions between the
blocks, forcing the copolymer to disorder. When the polymer film is solvent
swollen the glass transition temperature (T9 ) is reduced to well below room
temperature due to the increase in free volume. As the solvent begins to
evaporate at the polymer surface, the concentration of solvent decreases
creating a solvent concentration gradient in the polymer film that is normal to
the surface. (Figure 1.6) As the concentration of the solvent at the surface
decreases the microphase separation of the diblock copolymer occurs only at
the surface. However, the copolymer deeper in the film is still in a disordered
state due to the higher level of solvent concentration. As the solvent
evaporation continues the ordering propagates down through the film. While
not completely understood, the formation of perpendicularly oriented cylinders
is believed to be a result of the highly directional solvent gradient that is
normal to the substrate.

29

Furthermore, this theory explains that the

directional solvent gradient leads to the formation of cylindrical domains that
are well ordered and contain high aspect ratios as determined by the film
thickness.
Due to the improved kinetics of solvent annealing, this work will focus
on examining the ability to use this technique to improve the long range order
of perpendicularly oriented cylinders using a PS-b-PMMA diblock copolymer.
17

t

Solvent

t

Evaporation

t

Figure 1.6: Schematic of the solvent evaporation in a diblock copolymer film.
The solvent evaporates from the surface creating a solvent concentration
gradient. As the solvent evaporates the ordering propagates toward the
substrate producing a highly ordered oriented array of cylindrical
microdomains.
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The improved kinetics of solvent annealing ensures that this technique holds
promise as a method to improve the long range order in high molecular
weight cylindrical domain diblock copolymer templates.
1.4 N ickel N anodots

Nanoscale arrays have numerous potential applications as field
emission devices33-35 , nanoelectronics36 • 37 , and in nanobiotechnology.
Electron beam, X-ray, and scanning tunneling microscope lithography can
produce arrays of submicron dots, but are limited by low processing speed
and high costs. There is also the desire to make the nanoscale arrays with
smaller nanodots that are packed at higher densities, with good ordering.
Electrochemical deposition is able to yield dots of 30 - 200 nanometers (nm)
with controlled density, but the dot positions are random, with non-uniform
size distribution. The use of a double layer of nanospheres has recently been
demonstrated to produce dots as small as 30 nm.38 In this work a self
assembled monolayer of 496 nm or 1040 nm diameter PS spheres was cast
onto a silicon substrate. The spheres self assembled into a hexagonally
close packed array. A layer of nickel was deposited over the spheres and
into the voids between the spheres. The nanospheres template was then
removed by sonicating in tetrahydrofuran, a good solvent for PS, creating a
pattern of nickel that was deposited through the voids of the packed PS
spheres onto the silicon substrate. The resulting pattern resembles a six
point star. From the nickel, a carbon nanofiber array was grown.
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Polymer templates have been used to create nanoscale arrays of
hexagonally ordered metal dots. Park et al has shown a method to create
these arrays by utilizing block copolymer self-assembly and a trilayer pattern
transfer technique. 39 Their worked utilized polyisoprene (Pl) spheres in a
polystyrene (PS) matrix to pattern a layer of silicon nitride by reactive ion
etching (RI E). The trilayer arrangement consists of a monolayer of Pl spheres
in a PS matrix that is cast onto a silicon nitride layer which was prepared over
a polyimide layer based on a silicon substrate. The sample is exposed to
ozone which degrades the Pl spheres, leaving voids. The sample is then
exposed to a RI E which etches down through the polymer layer and is
accelerated in the regions where the voids are present. This pattern is
transferred to an underlying layer of polyimide by continuing the RI E. Ti/Au
nanodots are subsequently produced by evaporating metals onto the
template then lifting off the polyimide template, leaving behind a hexagonally
ordered array of metal dots.
Shin presented a more direct method to produce an array of metal dots
utilizing block copolymer templates with cylindrical microdomains. 40 Using
this method eliminates the need for R I E which improves the fidelity with which
the pattern can be replicated . This method utilizes a diblock copolymer
template of PS-b-PMMA with cylindrical microdomains in which the minor
PMMA phase has been removed . A thin layer of chromium was evaporated
onto the surface, covering the template and partially filling the pores. The
polymer template was then lifted off using sonication in toluene, followed by a
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short oxygen RI E to remove any remaining polymer, leaving only a
hexagonally ordered array of metal dots.
The use of microphase separated diblock copolymer templates can
provide a size range of 1 4 - 50 nm, with interdomain spacing (Lo) as low as
5
3 0 nm. No other technique has to ability to pattern such small features in

close proximity while maintaining a cost effectiveness and process simplicity
that far exceeds any other. Thus it will be interesting to examine templates
that can be produced util izing microphase separated diblock copolymers to be
used for patterning nanometer scale reactors . An array of nanoreactors is
produced by depositing catalytic nickel into the pores of the template. This
can be achieved by the method set forth by Shin et al. 40 A layer of nickel is
deposited over the polymer template which coats the polymer matrix as well
as the substrate at the bottom of the pores. (Figure 1 . 7) The polymer template
can then be chemically removed leaving an array of nickel nanodots. By
utilizing the diblock copolymer template.method , control over the pattern , size
and spacing of the dots that are produced can be obtained .
I n this work arrays of catalytic nickel nanodots will be produced . From
these arrays of nickel dots vertically aligned carbon nanofibers (VACN Fs) will
be prod uced using plasma-enhanced chemical vapor deposition . (PECVD)
41 .42

The are two different CNF growth modes, tip-type or base-type. The

growth mode depends on the ratio of acetylene, the carbon supply, to
ammonia gas, etchant, flow concentration. Tip-type CNFs are vertically
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Nickel_
Polymer_,
Silicon-Figure 1 . 7: Diagram depicting the liftoff process of a metal coated polymer
template that creates an array of metal nanodots
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aligned, while the base-type are not. The alignment is due to the interaction
between the strong electric field at the substrate and the location of the
carbon precipitation at the bas of the nanoparticle which is on the tip of the
nanofiber. This work is only concerned with the tip-type growth process due
to its vertical alignment. During the tip-type CVD growth process carbon
diffuses into the catalytic nickel particle from all directions and a carbon shell
is formed at the catalyst-substrate interface. This shell limits further diffusion
of carbon at the catalyst-substrate interface, which creates a concentration
gradient within the catalytic nanoparticle with very few carbon atoms at the
interface with the carbon shell and many diffusing carbon atoms at the
interface with no carbon shell. This concentration gradient directs the carbon
flow through the catalyst particle and the fiber grows. 43 These carbon fibers
are not composed of single grains and are therefore properly called vertically
aligned carbon nanofibers (VACNFs) not carbon nanotubes which are
structurally near perfect. VACNFs have multiple crystal grains that are small
compared to its circumference, while a CNT is a perfect single crystal. 42
Individual CNFs will grow only if the catalytic nickel dot is below the critical
size which has been experimentally determined to be 350 nm, above this size
multiple VACNFs are formed from a single dot. 42
In this work we will examine the use of polymer templates to control
the pattern, size and spacing of the VACNFs that are produced. This will be
achieved by applying the tunable domain size of microphase separated
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diblock copolymers to produce arrays of catalytic nickel dots of controlled
diameter and spacing.
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Chapter 2
EXPERIMENTAL TECHNIQUES

2.1 Com mercially Purchased Materials
A. Chemicals

Styrene and methyl methacrylate monomers used for polymer
synthesis were purchased from Sigma-Aldrich Chemical Company and were
used as received. The solvents toluene, acetone, methanol, acetic acid,
hydrofluoric acid and tetrahydrofuran used during the polymer synthesis and
template preparation procedures were purchased from Fisher Scientific and
used as received. Initiator and catalytic chemicals for polymer synthesis
consisting of p-Toluenesulfonyl Chloride and Copper (I) Chloride were
purchased from Acros Chemicals and used as received. The co-catalyst 2,2'
Dipyridyl was purchased from Sigma-Aldrich and used as received
B. Polymers

The diblock copolymer polystyrene-b-methyl methacrylate (PS-b
PMMA) (Mn

=

230,700, PDI = 1.19, fpmma =0.29) was purchased from Polymer

Source, Inc. and was used as received.
C. Substrates and Mask

Four inch diameter silicon wafers with < 100> crystal orientation,
thickness of 450 - 575 µm, and N doped were purchased from International
Wafer Service Inc. Portola Valley, CA. No additional treatment was performed
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before their use. The large wafers were cut into smaller samples using a
diamond tipped etching pen.
The photolithography mask used for patterning the silicon substrates
for the graphoepitaxy study was custom made by Advance Reproductions
Corporation North Andover, MA. The mask is soda-lime glass with a chrome
pattern as shown in Figure 1.5
2.2 Experimental Techniques
A. Gel Permeation Chromatography (GPC)
Gel permeation chromatography (GPC) is the method used to
determine the molecular weight of the polymers synthesized for these
experiments. In this technique the polymer sample is separated by size using
a column of porous material. In order to determine the actual molecular
weight of the sample, well-characterized, narrow molecular weight standard
samples must be ran through the GPC column to calibrate the instrument .
Molecular weight and molecular weight distributions of an unknown sample
can be ascertained by correrating elution times of the standard with those of
the unknown.
The polymers for this study were characterized by a Polymer Labs gel
permeation chromatograph (GPC) equipped with 2 Polymer Labs PLgel 5µm
mixed-C columns with H P LC grade tetrahydrofuran as the elutant . The
instrument utilized a refractive index detector to detect the polymer in
solution. Samples were prepared by dissolving the polymer in
tetrahydrofuran with a concentration of 2 mg/ml. Results were analyzed using
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narrow molecular weight polystyrene standards for the calibration of the
instrument.
B. Nuclear Magnetic Resonance Spectroscopy {NMR)

Nuclear magnetic resonance spectroscopy (NMR) is used in this work
to determine the composition for polymers. Analysis was performed on a
Bruker 300 MHz NMR. Samples were prepared by dissolving a small amount
of polymer in d-chloroform in a NMR tube.
The composition of PS-PMMA copolymers, both random and blocky,
can be determined by comparing the area under the aromatic peaks (A) to the
area of non-aromatic (N). For PS-PMMA copolymer there are 5 aromatic
hydrogens and 3 non-aromatic hydrogens from the styrene, while there are 8
non-aromatic hydrogens in the PMMA. The area under of the peak of the
aromatic region (6.0 - 7.5 ppm) is divided by 5 to give (A). Three is
subtracted from the integral of the peak area from the non-aromatic region
(0.5 - 3.5 ppm) to remove the contribution of the 3 non-aromatic styrene
hydrogens. This number is then divided by 8 because PMMA contains 8 non
aromatic hydrogens resulting in a normalized value for PMMA content (N).
The normalized PMMA content (N) is divided by the total PS and PMMA
content (sum of A and N) and multiplied by 100 giving the percent PMMA
content in the polymer as seen in equation 2. 1.
N / (A + N) x 100 = %PMMA

(2.1)
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C. Spin Coating

A Headway Research Inc. (model PWM32) spin coater was used to
create the thin polymer films needed for this research. Rotation speed along
with solution concentration can be varied to achieve desired film thicknesses
with great resolution and reproducibility. In spin coating, the substrate is
placed on a vacuum chuck and a solution consisting of the desired sample
concentration in an appropriate solvent is deposited onto the su bstrate by
coving the entire sample with the solution, which is then spu n at the desired
speed for a determined length of time. During the acceleration and spinning,
all the solvent eva porates leaving a th in polymer film. The resulting polymer
film thickness is a function of solution concentration, chuck speed, and
solvent volatility.
Polymer solutions consisting of the desired polymer and toluene were
made and then filtered and coated onto the modified silicon substrates as
described in section 2.4. Film thicknesses were tuned using ellipsometery to
determine appropriate spin speed and solution concentration to achieve the
desired film thicknesses. A plot of polymer concentration as a function of
polymer thickness at a spin speed of 2500 rpm is given in Figure 2 . 1 .
Reprod ucibility within 2 nm was desired and achieved .
D. Elli psometery

This nondestructive technique is used to determine the thickness of a
sample if its refractive index is known. Ellipsometry measu res the change in
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polarization state of light reflected from the surface of a sample. The
measured values are expressed as '¥ and 6.. These values are related to the
ratio of Fresnel reflection coefficients, Rp and Rs for p and s-polarized light,
respectively.
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P-polarized light and s-polarized will be reflected with different Fresnel
reflection coefficients in any angle of incidence greater than 0° and less than
90°. From the Fresnel reflection coefficients '¥and 6. can be determined using
equation 2.2
In this work polymer samples on silicon substrate were analyzed by a
DRE-Dr. Riss Ellipsometerbau GmbH (model EL X-02C) ellipsometer. A
°

class I I IA laser at 632.8nm was used for the incident radiation and a 70 angle
was maintained for all measurements. Silicon oxide measurements were
taken with the refractive index set a 1.46 and polymer samples assumed a
uniform refractive index of 1.6 because the major phase ( PS) has a refractive
index of 1.6, while PMMA has a refractive index of 1.5.
E. Lithography

Lithography is the process of transferring a pattern from a mask to
substrate. Two types of lithography were employed in this work to prepare
silicon substrates for graphoepitaxial ordering; photolithography and plasma
etching. The first step in the process is photolithography. In photolithography
a pattern is transferred from a mask to a polymer photoresist spin cast onto
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the silicon substrate. The wafer must first be primed by cleaning with a
solvent, usually Hexamethyldisilazane (HMDS), which will remove any
moisture and any foreign objects such as dust.46 The photoresist is then spin
cast onto the wafer. A photoresist is a polymer substance that changes its
chemical reactivity characteristics when it is exposed to certain wavelengths
of light.46 In this work a positive photoresist is used. Positive photoresists
become softened when they are exposed to the correct wavelength of light.
The softened areas are then removed during the chemical developing
process that uses a solvent to selectively dissolve the softened areas. The
desired pattern is transferred to the photoresist by using a mask. The mask
consists of the desired pattern constructed from material that is either
transparent or opaque to ultra violet (UV) light. The mask can then be used in
the contact printing technique which places the resist coated wafer in physical
contact with the mask. The resist is exposed to the beam of UV light through
the mask for a fixed amount of time.47 After exposure the wafer is placed in a
developing solution to remove the exposed photoresist leaving a pattern in
the photoresist.
In order to transfer the pattern from the photoresist to silicon wafer
plasma etching or dry etching is employed. The dry etching technique uses
plasma is to etch into the substrate. The major benefit of plasma etching
verse wet chemical etch techniques is the elimination of undercutting. Wet
chemical etching techniques can lead to lateral etching under the mask.48
Plasma is a partially ionized gas composed of electrons, ions, and neutral
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species that is formed by applying a large electric or magnetic field to a
volume of gas . Similar to photolithography a mask is required to produce a
pattern in the silicon substrate. Following the photolithography procedure the
silicon wafer has photoresist on the surface that is patterned from the mask.
The photoresist is not a good mask for the plasma etching procedure
because the rate of photoresist removal is similar to the rate of silicon
removal . To correct for this problem, the photoresist is coated with a 20 nm
thick layer of chromium (Cr) as this metal is a good mask for the CF 4 plasma
silicon etch . After the entire wafer is coated with Cr it is sonicated in acetone,
a good solvent for the photoresist, which removes the photoresist and the
overlaying Cr leaving a negative of the original pattern . The wafer is then
exposed to the CF 4 plasma for a controlled amount of time where the etch
depth is dependant on the exposure time. The etching of silicon by CF4 is a
well understood process which results in the gasification of silicon to form
SiF2 and SiF4 as the dominant products. 48 Following the plasma etch, the Cr
mask must be removed, which is accomplished by a wet etch technique using
a chromium etchant purchased from Transene company .
F. Atomic Force M icroscopy (AFM)

Ordering of the pores was determined by examination with a Digital
Instruments Dimension 3500 scanning force microscope in tapping mode.
Images were collected in height contrast and phase contrast modes . Atomic
force microscopes measure topography with a force probe. To acquire an
image the microscope raster scans the probe over the sample surface. The
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probe is a tip on the end of a cantilever which bends in response to forces
between the tip and the sample. As the cantilever flexes, the light from the
laser is reflected onto a split photo-diode. (Figure 2.2) Vertical resolution of < 1
angstrom and lateral resolution of 10 angstrom can be achieved, but vertical
resolution as good as 10 pm has been reported.49 Since AFM is a scanned
probe system it does not use lenses, so the size of the probe rather than
diffraction effects generally limits the resolution achieved. Because the
cantilever-to-detector distance is thousands of times the length of the
cantilever, the optical lever greatly magnifies motions of the tip allowing for
great resolution. Images were collected in height and phase contrast using
tapping mode. When the instrument is in tapping mode the cantilever is
positioned above the surface and oscillated so that it only taps the surface for
a very small fraction of its oscillation period. In tapping mode the lateral forces
exhibited on the tip are dramatically reduced compared to the forces
encountered when in contact mode. Therefore, tapping mode is ideal for
imaging soft samples such as polymers.
Samples to be examined by AFM require no special preparations.
Since all the samples for this work that were examined by AFM were polymer
films cast on silicon substrates they were readily imaged. Data collected from
the instrument was analyzed using WSxM, a freeware AFM analysis program.
This program provided a method for image resizing, zooming, and fast
Fourier transform analysis.
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Figure 2.2: Schematic showing the cantilever flexes, the light from the
laser is reflected onto the split photo-diode. 50
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G. Fast Fourier Transform Analysis
I n order to effectively a nal yze the improvement in ordering that is
achieved by using graphoepitaxy, computer analysis of the template is used .
The fast Fourier transform analysis of the AFM images of the template
provides a view of how well ordered the polymer templates are. Fast Fourier
transforms provide a mathematical analysis of the image that is similar to
producing a diffraction pattern. From this "d iffraction pattern" information on
the order in the system can be obtained. Figure 2. 3A is a FFT of a non
ordered polymer template. The doughnut shape of the FFT represents only
local ordering , where all the cylinders are a fixed distance apart but are
oriented randomly. Figure 2. 3 8 , represents a more well-ordered system
where the cylinders are all a fixed distance apart , and are positioned at exact
points relative to each other. However, a more quantitative method for
describing the order is needed to quantify the effectiveness of graphoepitaxy
to induce long range order in the diblock copolymer thin film templates.
Calcu lating an ordering parameter from the FFT provides a quantitative
measu re of the order present in the polymer template. An order parameter is
often used when looking at crystalline structu res , or alignment of molecu les. 51
The order parameter is calculated by comparing experimental results with a
model of a perfect system. A completely unordered system has an order
parameter of O while a perfectly ordered system has an order parameter
equal to 1 .
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B.
Figure 2.3: Fast Fourier Transforms of A). Non-ordered polymer template 8).
Highly ordered polymer template.
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H. Scanning Electron Microscopy {SEM) & Energy Dispersive X-ray
Analysis {EDX)
Formation of nickel nanodots and the growth of carbon nanofibers from
them were confirmed using a Hitachi S4700 scanning electron microscopy
(SEM) equipped with energy dispersive X-ray (E DX) analytical capabilities.
A scanning electron microscope creates magnified images by using a beam
of electrons. The electron beam comes from a filament that is most commonly
a Tungsten hairpin gun. The filament is a loop of tungsten which functions as
the cathode. A voltage is applied to the loop, causing it to heat up. The anode
forms powerful attractive forces for electrons. This causes electrons to
accelerate toward the anode. Some electrons accelerate right by the anode
and down the column.52 The electron beam is focused into a small probe and
is rastered across the surface of the sample. The electrons interact with the
sample and result in the emission of electrons from the sample surface as the
electrons penetrate the sample. These emitted particles can be collected with
a detector.53
Energy Dispersive X-ray analysis (E DX) is an accessory to the SEM which
allows simultaneous non-destructive elemental analysis of the sample. 54
When the electron beam hits the sample it creates secondary electrons
leaving thousands of the sample atoms with holes in the electron shells. If the
"holes" are in the inner shells, the atoms are not stable. To correct this, the
electrons from outer shells will move to the inner shells. The outer shells are
at a higher energy state so moving down releases energy in the form of X-
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rays. The X-rays emitted from the sample atoms are characteristic in energy
and wavelength to the element of the parent atom, as well as which shells lost
electrons and which shells replaced them. These sample signatures can be
collected and analyzed to provide information on the elemental composition of
the sample.
2.3 Synthesis of Polymers
ATRP is a pseudo-living free-radical polymerization that produces
polymers with a low polydispersity.
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A protected free radical end allows for

easy synthesis of block copolymers. The first block can be synthesized and
characterized to ensure it is of the correct molecular weight and composition
before additional blocks are added and the order in which the blocks are
added does not play a significant role.
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The living free radical end stays

active. The initiator used in this work is the monofunctional initiator p
Toluenesulfonyl Chloride. It is combined with the monomer and catalyst CuCI
along with 2,2'-Dipyridyl in the ratio given below.
Monomer : Initiator : CuCI : 2,2'-Dipyridyl
X : 1 : 2: 6
The target molecular weight determines the molar ratio of monomer
used in the reaction. The target molecular weight divided by the molar mass
of the monomer determines the number of moles of monomer required to
produce a polymer with the desired molecular weight. This number is used in
the molar ratio as X. The actual moles of monomer used is determined by
dividing the grams of monomer by the molar mass of the monomer. The
38

moles of monomer and the molar ratio can then be used to determine the
required moles of initiator and catalyst in the reaction. All chemicals are
combined in a two neck round bottom flask and placed under nitrogen flow.
The mixture is taken through 3 freeze thaw cycles using dry ice to ensure all
air is removed from the flask. The temperature of the flask is raised by
submerging in a hot oil bath. For styrene synthesis the temperature is raised
to 1 20

·c for 24 hours. Methyl methacrylate synthesis requires only 95 ° C for 8

hours. The solution will completely solidify when polymerization is complete
due to the lack of solvent. The polymer must be dissolved in a good solvent
such as toluene and crashed out into a poor solvent such as cold methanol.
To ensure the complete removal of all the CuCI catalyst the sample must be
redissolved and precipitated multiple times until the polymer is clean. The
polymer is then dried in a vacuum oven overnight to remove any remaining
solvent.
The addition of a second block is achieved by repeating the same
procedure as described above while using the first block as the initiator for
polymerization of the second block. It is sometimes difficult to get the first
block to dissolve in the monomer for the second block due to the lack of
solvent. If the polymer is unable to be dissolved in the monomer of the
second block, a small about, ( 1 0% of the total weight) of biphenyl ether can
be used as a solvent, this was not required in this synthesis.
Using the procedure described above a diblock copolymer of
poly(styrene-b-methyl methacrylate) was synthesized. The first block to be
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synthesized was the poly(methyl methacrylate) of a target molecular weight of
11,000. The initiator, catalysts and monomer were combined with the ratio
described above in a 2 neck round bottom flask. The flask was exposed to 3
freeze thaw cycles and was then heated to 90 °C for 8 hours in an oil
submersion bath. The resulting polymer was dissolved in toluene and
precipitated into cold methanol and filtered to remove the remaining catalyst.
The dried polymer had a number average molecular weight of 13,600 and a
POI of 1. 11 determined by GPC.
This polymer was used as the initiator for the addition of the
polystyrene block. The target total molecular weight was 62,000. Styrene
monomer the PMMA (initiator) and catalyst were combined in a breakneck
flask. No solvent was required to dissolve the PMMA initiator. The flask was
cycled through 3 freeze thaws with vacuum evacuation after each step. The
flask was sealed with a torch and placed in an oil bath at 120 °C for 24 hours.
Once complete the polymer was dissolved in toluene, precipitated into cold
methanol and filtered to remove the remaining catalyst.
GPC was used to determine the molecular weight of the polymer as
described in section 2.8A Nuclear Magnetic Resonance spectroscopy (NMR)
was used to determine its composition as described in section 2.8B. The
copolymer has a Mn = 63,000 with a PDl = 1.03 and fpmma = 0.21.
A random copolymer of styrene and methyl methacrylate was
synthesized utilizing the TEMPO (2,2,6,6-tetramethyl- 1-piperidinyloxy) based
initiator, 1-Benxyloxy-2-(2,2,6,6-tetramethyl- 1-piperidinyloxy) ethane provided
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by Craig Hawker 1 0 • Utilizing this initiator results in a polymer that is end
caped with an -OH functional group. The hydroxyl group will covalently bond
to the native silicon oxide layer of silicon. The desired molecular weight was
used to calculate the amount of initiator required by using equation 2.3. The
correct amounts of initiator and monomers were added to a breakneck
ampoule, cycled through 3 freeze and thaws to remove any air. The ampoule
was sealed using a torch and placed in a 1 25 °C oil bath for 24 hours. The
polymer was dissolved in toluene and precipitated into cold methanol. The
resulting polymer was analyzed by GPC and NMR as described in sections
2.2A and 2.28. The composition of the random copolymer is fps= 0.55 with a
1 0,000 Mn , POI = 1 .2.
MW = (grams of monomer/moles of initiator)

(2.3)

2.4 Template Preparation
A. Sample Preparation

Neutralization of the silicon substrate was achieved by one of two
methods. Passivating the surface is achieved by placing the silicon wafer in a
3% hydrogen fluoride aqueous solution for 5 minutes to remove the silicon
oxide layer. Immediately following the HF bath, the samples were rinsed with
deionized (DI) water and immediately the polymer film was spin cast onto the
wafer at the desired thickness. The second method to neutralize the surface
was to deposit the -OH functionalized random copolymer on the substrate. A
1 .5% solution of a random copolymer that is 55% styrene and 45% methyl
methacrylate with a hydroxyl functional group on one end of the polymer
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chain is spin cast onto a silicon wafer at 2500 rpm. The sample is then
°

placed into a vacuum oven at 170 C for 24 hours. Since the annealing
temperature is above the T9 (glass transition temperature) of the polymer, the
hydroxyl endgroup covalently bonds to the silicon oxide layer on the wafer
and forms a chemically bound brush. The sample is removed from the
vacuum oven and sonicated in toluene for 15 minutes to remove unbound
polymer. Ellipsometry is used to confirm the presence of the brush by
measuring the thickness of the silicon oxide layer prior to brush deposition,
followed by measurements after brush deposition and subsequent removal of
excess polymer. A uniform polymer brush thickness across the sample was
determined to be 4-5 nm. Multiple measurements are made after a series of
washing steps to insure that only the chemically bound copolymer brush
remains. The brush creates a neutral surface for the diblock copolymer.
The diblock copolymer/toluene solutions of either 60,000 molecular weight
or 230,000 molecular weight were prepared in the concentrations determined
from Figure 2. 1 to create a film thickness equal to the center to center
interdomain spacing (Lo), which is 32 nm for the 60K MW polymer and 70 nm
for the 230K polymer. The 60,000 molecular weight polymer was dissolved in
toluene to create a 1.0% by weight solution corresponding to a film thickness
of 32 nm at 2500 rpm. A 2.0% by weight solution was prepared using the
230,000 molecular weight polymer to achieve a film thickness of 70 nm at
2500 rpm. These solutions were spin cast onto silicon substrates that had
been neutralized utilizing one of the two techniques described above.
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After spin casting the samples were placed into a vacuum oven at 170 C
for a controlled length of time allowing the polymer chains to reorganized and
form the perpendicularly oriented cylindrical microdomains that are required
to create the nanoporous template. The samples were removed and allowed
to cool to room temperature. They were then placed under 254 nm
wavelength Ultra Violet light for 10 minutes to degrade the perpendicularly
oriented PMMA cylinders. The degraded PMMA was washed away using a
glacial acetic acid bath followed by rinsing with DI water, and were dried using
compressed nitrogen. The removal of the PMMA cylinders creates a
nanoporous polymer template. The ordering of the pores was determined by
examination with AFM as described in section 2.2 F.
B. Template Specifications

PS-b-PMMA copolymer molecular weights determine the size domains of
the polymers used. The 60K molecular weight copolymer has an interdomain
spacing Lo

=

32 nm which is defined as the center to center distance of the

cylinders. The cylinder diameter for this polymer is 18 nm. While the 230K
molecular weight copolymer has Lo = 70 nm and a cylinder diameter of 40
nm.
2.5 Graphoepitaxy

Silicon wafers were patterned using the custom photomask from
Advance Reproductions Corporation. The pattern creates mesas of controlled
widths that vary from 3µm to 20µm separated by troughs of equal width.
(Figure 1) Using standard photolithography and plasma etching techniques as
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described in section 2.2 E, the pattern was transferred into the silicon wafer .
Plasma etching was performed on a Trion Reactive Ion Etcher using CF 4
plasma under 150 mTorr of pressure with a CF4 gas flow of 75 seem,
(standard cubic centimeters per minute) and 02 flow of 3 seem. The height of
the mesas (H) or etch depths were controlled by varying the time the wafer
was exposed to the plasma with the etch rate of the instrument being 100
nm/min which was confirmed using AFM. The remaining Cr mask was
removed from the silicon wafer using a chromium mask etchant purchased
from Transene Company Inc . These patterned silicon wafers were used to
make polymer templates following the procedure outlined in section 2.4
2.6 Solvent Annealing
Solvent annealing techniques were used to examine the ability of a
solvent environment to improve the long range order in diblock copolymer
templates. Polymer films were spin cast onto silicon substrates that had been
neutralized via passivation or a random copolymer brush as described
previously in section 2 .4. These samples were placed in a toluene saturated
chamber that consists of a crystallization dish half full of liquid toluene with
the spin cast samples placed on a piece of glassware that is placed in the
crystallization dish that is large enough to not be completely submerged in the
toluene. The chamber is sealed off from the atmosphere using aluminum foil
and stored at room temperature. The excess toluene vapor environment
allows for solvent swelling of the polymer film which creates mobility for the
polymer chains that enables polymer chain reorganization. Samples were
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removed from the toluene rich environment at controlled time intervals and
allowed to dry in air. The templates were then prepared by UV exposure and
acetic acid wash to remove the PMMA phase producing a nanoporous
template as described previously in section 2.4. These samples were
analyzed with Atomic Force Microscopy to determine their long range order.
2.7 Nickel Nano-dot Formation

Polymer templates that were prepared as described in section 2.4 were
coated with a layer of Nickel at ORNL using a Varian 3118 evaporator,
equipped with an Airco Temescal e-beam and a CV-8 power supply; model
STIH-270-2MB, Four Hearth Electron Beam Super Source. The metal that
was evaporated was purchased from Alfa Aesar. Nickel thicknesses were
varied by adjusting the exposure times for a set evaporation rate. To
determine the optimal metal thickness samples were prepared with a range of
metal thicknesses from 1/30 - 1 times the polymer film thickness.
Removal of the polymer template and overlaying metal was achieved
by sonicating in toluene for 30 minutes. To insure the complete removal of all
remaining polymer, samples were exposed to an oxygen plasma etch for 30
seconds using a Trion Reactive Ion Etcher (RI E). Samples were then
examined for the presence of nickel dots with SEM and AFM.
2.8 Carbon Nanofiber Growth

Plasma enhanced chemical vapor deposition (PECVD) was used to grow
vertically aligned carbon nanofibers (VACNFs) from the catalytic nickel
nanodots. VACNFs were grown in a vacuum chamber originally evacuated to
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a pressure of <5x10-2 torr before gas flow. Acetylene (C2H2) with a gas flow
of 25 seem, (standard cubic centimeters per minute) was used as the gas
source making the total pressure of the chamber during growth to be 3 Torr.
The substrate temperature during growth was 700 °C. The DC plasma
discharge was operated at 400 mA and -500 V. Samples were all grown for
one minute. Following growth the samples were examined by SEM.
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Chapter 3
Long Range Order of Cylindrical Morphology Self-Assembled Diblock
Copolymer Thin Films Using Graphoepitaxy

3.1 Graphoepitaxy of Cylinders
The microphase separation of diblock copolymers can be used to produce
nanoscale templates. A major limitation of moving this technology from the
laboratory to a commercial application is the inability to achieve long range
ordering in the template. Since graphoepitaxy has shown promise in the
improvement of the order in spherical domain polymer templates there is an
application driven motivation to both understand and optimize the conditions
that influence graphoepitaxial ordering of polymer systems. This chapter
presents an exploration of the effects of the variation of substrate topography,
both in terms of the height of the mesa, and width of the trough has on the
order that can be achieved in cylindrical domain diblock copolymer templates
when thermally annealed.
In an effort to improve the long range order of cylindrical domain polymer
templates, a thin polymer film was spin cast directly onto a patterned
substrate with a trough width of 3µm and a depth of 2.0 L0 • This sample was
°

annealed at 170 C to allow for chain mobility and reorganization that results in
microphase separation. The sample was exposed to UV radiation and was
treated with an acetic acid wash in order to remove the PMMA cylinders
leaving a nanoporous template. The area in the troughs was examined by
AFM. The result was a template that demonstrated an improvement in order
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as seen in Figure 3. 1C. The significant improvement of long range order
suggests that the patterned substrate induced order by providing a hard edge
that introduced translational order to the system during the annealing
process. The improved order was observed across the entire width of the

3µm wide trough.
3.2 Order Parameter

In order to quantitatively analyze the improvement in ordering that was
achieved by using graphoepitaxy, computer analysis of the template was
used. The fast Fourier transform analysis of the AFM images of the template
yields an equivalent structure in the associated reciprocal space, which may
then be analyzed using the order parameter described below . Fast Fourier
transforms provide a mathematical analysis of the image that is analogous to
producing a diffraction pattern. From this "diffraction pattern" information on
ttie order in the system can be obtained. Figure 3. 1A is a FFT of a non
ordered polymer template. The toroidal shape of the FFT indicates only local
ordering, as there is no net confinement of the reciprocal space vectors
associated with the real space structure and all the cylinders are a fixed
distance apart but are oriented randomly. Figure 3. 1C, represents a more
well-ordered system where the cylinders are all a fixed distance apart, and
are positioned at exact points relative to each other. However, a more
quantitative method for describing the order is needed to quantify the
effectiveness of graphoepitaxy to induce long range order in the diblock
copolymer thin film templates.
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D.
Figure 3.1 : AFM images of 60K MW polymer prepared by spin coating.
I mages are 1 µm x 1 µm. A. Flat silicon substrate B. FFT image of A. C.
patterned silicon substrate D. FFT image of C
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Calculating an ordering parameter from the FFT provides a quantitative
measure of the order present in the polymer template. An order parameter is
often used when looking at crystalline structures, or alignment of molecules. 51
A completely disordered system has an order parameter of 0 while a perfectly
ordered system has an order parameter equal to 1 .
A computer program was written that converts the FFT image (Figure 3.2)
into a plot of the radial average as arbitrary intensity vs. distance from the
center in pixels. This provides an average intensity of all points at x distance
from the center. This type of plot is often seen from small angle x-ray
scatterning. From the radial average plot, the distance with the maximum
intensity peak is identified. At the maximum intensity distance the azimuthal
average of that distance ± 5 pixels is calculated and plotted as a function of
intensity vs. azimuthal angle. From this plot the order parameter is calculated
using equation 3.2 where I (q,cp) is the arbitrary intensity at a distance q and
angle <P from the center, and P2 (cos <P) is defined in equation 3.1 . 57 These
calculations were tested against a manufactured perfect system and
imperfect system to ensure that a perfect system would provide an order
parameter of one and an imperfect system would create an order parameter
of 0.

1
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P2 (cos </J) = - (3 cos 3</J - 1 )
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Figure 3.2: FFT of an unordered polymer template and its corresponding
radial and azimuthal averages
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( Pico s efi)) =

JI( q, </J)P2 ( cos <p) sin 3¢x/,</J

JI(q , tp) sin 3(d
tp

(3.2)

Using these equations the order parameter, the calculated order
parameter for the unordered polymer template in Figure 3.1a, and Figure 3 .2
is 0.013. The calculated order parameter for the highly ordered polymer
template in Figure 3 .1c, and Figure 3.3 is 0.914 . It is noted that this functional
form for the distribution of reciprocal space vectors is preliminary ; further
analysis which expands the reciprocal space structure in terms of cylindrical
harmonics would provide an alternative method.
The error for the order parameter calculation is determined by
calculating the order parameter for the 6 sections of 60 degrees each
centered at each peak and averaging the order parameters from each section
to determine the overall order parameter.
3.3 Vacuum Edge
From an application driven stand point it is imperative that a high level
of ordering be achieved across the mesas as well as across the width of the
troughs. It would be very impractical to create arrays that have half the area
in a highly ordered array and the remainder in a nonordered array. It is
therefore beneficial to be able to induce ordering not only in the troughs but
on the mesas as well. In previous work by Segalman et al thinning at the
mesa's vacuum edge led to the confinement of the spherical domain polymer
microphases.58 The spheres that are templated by the vacuum edge are a
result of the surface energy of the polymer film at the mesa edge that forces
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Figure 3.3: FFT of the ordered polymer template and its corresponding radial
and azimuthal averages.
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the polymer surface to be curved and compress the spheres closest to the
edge. The curving of the polymer film near the edge reduces the surface
area of the film, thus minimizing surface energy, and also reducing the
thickness of the film. There is a minimum film thickness that a single sphere
can fit into. Spheres have 3 finite dimensions that can be confined as the film
thins. At the boundary thickness, a single row of spheres would be observed
at a distance from the mesa edge.
A cylindrical system has an infinite length in the height dimension since
is extends the entire length of the film so the thinning of the film is unable to
confine a single row of cylinders as it does in the spherical system. Once the
polymer film thickness is below the critical value to achieve a perpendicular
orientation of the cylinders all order would be lost. Intuition suggests that
there would be no ordering observed at the vacuum edge of the patterned
silicon for a cylindrical system due to the formation of the cylindrical
microphases being dependant on film thickness. 59 As the polymer film
approaches the vacuum edge the thickness of the film is no longer in the
appropriate range to form perpendicularly aligned cylinders.
This assumption is correct; the polymer film thins as it approaches the
vacuum edge. The perpendicular orientation of the cylindrical microphase
domains is lost as it approaches the mesa edge. However, there is an
increase in the ordering across the mesas (Figures 3.4&3.5). As the polymer
film thins, it is no longer in the appropriate range to form vertically aligned
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Figure 3.4: Phase contrast image from AFM scan demonstrating the order
induced by the thinning of polymer film near the mesa edge of a sample
prepared from 60K molecular weight polymer on a 2.0 Lo mesa height
°
patterned silicon substrate that has been an nealed for 18 hou rs at 1 70 C.
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Figure 3.5: Height contrast AFM image along with its 3D image of
demonstrating thinning of polymer film as it nears the mesa edge of a sample
prepared from 60K molecular weight polymer on a 2.0 Lo mesa height
°
patterned silicon substrate that has been annealed for 18 hours at 170 C.
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cylinders. Therefore it pulls adjacent material in to achieve the critical film
thickness and creates a terrace. This pulling of material behaves much like
island or hole formation near the vacuum edge and creates a dramatic step in
the polymer film as seen from the AFM image and 3D representation of
Figure 3.5. The terrace is created to maintain a film thickness that creates
the energetically most favorable vertical alignment of the cylinders. The
straight edge of the mesa is maintained in the polymer film step and ordering
is induced across the mesa. This is also demonstrated in the SEM image in
Figure 3.6. The order parameter for the region on the mesa is 0.349 which is
a significant improvement over the non-patterned polymer template sample
which had an order parameter of 0.013.
3.4 Mesa Height Effect

Segalman et. al. observed an improvement in ordering of the polymer
microdomains when the mesa heights were between 1.0 Lo and 10 L0 • 58 In
this work we examined mesa heights of 1.0Lo, 1.5 Lo, 2.0 Lo, 2.5 Lo, 5.0 Lo,
and 10.0 Lo to determine if there are any effect on the ordering of the
cylindrical domain system. The width of the troughs as well as the polymer
film thicknesses were held constant at 12 µm wide troughs, and 1.0 Lo
polymer film thickness. The samples were prepared with 60K molecular
weight polymer that was templated with mesa heights ranging from 1.0 Lo to
°

2. 5 Lo and annealed at 170 C for 18 hours showed no difference in their
ability to induce an improvement in ordering across the trough as seen in
Figure 3.7. The calculated order parameters for these samples are 0.117 for
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Figure 3.6: SEM image demonstrating thinning of polymer film as it nears
the mesa edge of a sample prepared from 60K molecular weight polymer on
a 2.0 Lo mesa height patterned silicon substrate that has been annealed for
°
18 hours at 170 C. Note the line of cylinders on the mesa that is parallel to
the mesa edge.
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A.

B.

C.
Figure 3.7: AFM phase contrast images -2 µm x 2 µm of varying mesa
heights in 1 2 µm troughs prepared with 60K molecular weight polymer and
annealed for 1 8 hours at 1 70 ·c. A). 1 .0 Lo, B). 1 .5 Lo, C). 2.0 Lo, and D). 2.5
Lo .
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1.0 Lo, 0.415 for 1.5 Lo, 0.301 for 2.0 Lo, and 0.366 for 2.5 Lo. While all these
samples were significantly more ordered than the polymer template prepared
on the flat silicon substrate, those 1.5 Lo and above were drastically improved
from the minimum 1.0 Lo sample which supports the theory that the mesa
height must be at least equal to film thickness.
Mesa height of 10 Lo was examined to determine the affect a mesa
height significantly higher then the film thickness would have on the ordering.
When samples were prepared with mesa heights of 10 Lo, and the 60K
molecular weight polymer film spin coated onto the surface, and annealed at
°

170 C, ordering was observed on the mesa's and at the mesa edges in the
troughs, yet the polymer film did not e�hibit perpendicularly oriented cylinders
across the width of the trough. This was most likely due to the inability to
control the film thickness in the troughs during the spinning process. The
ordering of the cylinders was confined to the area adjacent to the mesa walls.
This can be observed in Figure 3.8. To determine if the cause of the loss of
perpendicularly oriented cylinders was the result of the spinning of the
polymer film onto the pattern substrate, samples were prepared by floating
down the polymer film. Upon examination of these samples the same effects
were observed as with the spin cast samples. Order was observed on the
mesas and near the mesa walls in the troughs. Because there is some
ordering of the microdomains adjacent to the mesa edge it demonstrates that
the ordering of the cylinders can occur if the mesa edge is significantly higher
than the polymer film. Significantly high mesas only limit the ordering of the
60

B.
Figure 3.8: SEM images of 60K mw polymer spin cast onto 1 0 Lo mesa
height patterned silicon sample and annealed at 1 70 ·c for 1 8 hours. A).
Image of the mesa that shows the order induced by polymer film thinning at
vacuu m edge. B). Order induced in trough only near mesa edge and lost
further away from the edge.
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polymer film across the width of the trough by their inhibition of the ability to
control the film thickness.
Mesa height of 5.0 L0 was also examined prepared by both spin
casting and floating. In these samples, the vacuum edge was able to induce
order across the width of the mesas as observed on previous samples.
However, in the troughs there were areas that showed a loss of the
perpendicular orientation of the cylinders that was due to incorrect film
thickness that is similar to the samples prepared on substrates with a mesa
height of 10 L0 • These samples were much better than those prepared with a
mesa height of 10 Lo. The height of the mesa limits the ability to form films of
uniform thickness as the height is increased to above 5.0 L0 • From this data it
appears that the optimal range for producing ordered arrays of vertically
oriented cylinders by graphoepitaxy to be 1.0 - 5.0 L0 .
3.5 Trough Width
The goal of this work and others like it is to improve the order of
polymer template systems over as long a range as possible to utilize this
technique for real world applications. In this study we examined trough
widths of 3, 6, 8, 10, 12, 14, 16, 18, and 20 µm to determine the maximum
width over which we would see an increase in order. All samples were
prepared using a 60K molecular weight polymer on templates that with mesa
heights of 2.5 Lo with polymer film thickness of 32 nm (1.0 Lo) annealed under
°

vacuum for 18 hours at 170 C. From these experiments we observed an
increase in order across the width of the troughs in all samples compared to
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templates prepared on flat silicon substrates. As expected the order that was
achieved at the hard edge was approximately equal for all trough widths.
Figure 3.9 depicts the order parameter at the trough edge as a function of
trough width. The order parameter was determined by 2µm2 AFM scans at
the mesa edge. No trough width effect is observed which is consistent with
the hard edge inducing an increase in order. The order parameter of these
samples was also measured at the center of the trough. It was found that as
the trough width increases the order at the center of the trough decreases.
Figure 3. 10 demonstrates the ratio of the order achieved at the center of the
trough compared to the order achieve at the edge of the trough decreases as
the trough width increases. The AFM scan size was 2 µm2 therefore the
order in the 3 µm wide trough was assumed to be uniform across the entire
trough and thus had a ratio of 1. When the trough width was increased from
3µm to 20 µm, the order at the center of the trough was decreased by 60%.

These results support the theory that the hard edge induces order into
the system and the order propagates toward the center of the trough. The 2D hexatic to isotropic liquid transition should be a function of distance from
the hard edge which has been observed in previous work.

6

0• 6 1

Segalman et al

reported in their work examining the effect of trough width on PS-PVP
spherical domain block copolymer thin films ordered using graphoepitaxy, that
the presence of a hard edge imparts translational and orientational order on a
2D array of block copolymer spheres. The effect dies away continuously as
the distance from the edge is increased. They presented work that
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suggested at the center of the trough is a liquid, but the presence of a hard
edge resulted in an edge freezing" of a hexatic layer. This is analogous to
11

the surface melting or freezing of 3D crystals. In 3D systems the formation of
this layer is driven by edge excess free energy fly* = Ye1 - r'eh - )b1 where r'e1, r'eh,
and )b1 are free energies of edge-liquid (el), edge-hexatic (eh), and hexatic
liquid (hi) interfaces. If the transition from hexatic to liquid is 2 nd order as
predicted by Halperin and Nelson then )b1 = 0. The free energy of a block
copolymer liquid-edge is greater than that of a block copolymer hexatic-edge.
Therefore fly* should be a positive value and favor the edge freezing of a
hexatic layer .
3.6 Molecular Weight
The use of diblock copolymer thin films as template formation shows
promise as a method to evenly place nanoscale objects, however, there is
very little information on kinetics of template formation, of long-range ordering
or of molecular weight effects of these processes. To these ends the time
evolution of the long-range order in templates formed from diblock copolymer
thin films with two molecular weights is studied. This is accomplished by
comparing the extent of long range order on both patterned (for grapho
epitaxy) and flat substrates by spin casting diblock thin films from toluene
solution to create thin films that have a thickness that is equal to the center to
center interdomain spacing (Lo) of the constituent microphase separated
diblock copolymer. The patterned substrates have a mesa height of 1.5 L0 , as
this pattern exhibited the most significant increase in order. 62 The samples
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were annealed for times varying from 0.25 hours to 1 44 hours at a
temperature of 1 70 °C for samples where the constituent diblock had number
average molecular weights of 63,000 and 230,700, which will be denoted as
60K and 230K, respectively. Figures 3. 1 1 and 3 . 1 2 show the change in the
amount of long range order in the 60K and 230K samples, respectively, as
measured by the order parameter, <P2(cos </J)>.
The evolution of long-range order in the 60K copolymer exhibits very
interesting results.

As expected, there is significant improvement in the

ordering of the hexagonal cylinders in the polymer template relative to those
that are prepared on a flat silicon substrate.

Figure 3 . 1 1 depicts the

improvement in the order parameter as annealing time increases.

After

annealing for just 1 5 minutes, formation of the hexagonally packed cylinders
is observed since microphase separation occurs very rapidly, as this local
process only requires relatively short-range motion of the chains. During the
first 8 hours there is a steady increase in the order parameter from O to 0. 1 76
as the chains have more time to execute the coordinated movement required
to increase the order of the template. The mechanism of this motion must
involve the motion of multiple chains, either individually or in a coordinated
manner that results in the movement of a set of cylinders to create long-range
order in the thin film. From 8 to 72 hours there is a further steady increase in
the order parameter as further local ordering results in increased longer range
ordering.

After 72 hours there appears to be a leveling off in the order

parameter as the system reaches its steady state order.
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60K MW Ordering Trends
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Figure 3.1 1 : Graph depicting the evolution of the order parameter as
annealing time increases for the 60K MW polymer. Samples prepared on a
flat silicon substrate are depicted with circles. Sam ples that were prepared on
patterned sil icon are depicted with squares. The li nes are added as a guide
for the eye.
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Figure 3.12: Graph depicting the evolution of the order parameter as
annealing time increases for the 230K MW polymer. Samples prepared on a
flat silicon substrate are depicted with circles. Samples that were prepared on
patterned silicon are depicted with squares. The lines are added as a guide
for the eye.
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The samples prepared on flat silicon su bstrates did not show an
improvement in order. The order parameter of the samples remains 0 within
error for 1 20 hours of annealing. At 1 44 hours the order parameter of the
system prepared on the flat su rface does exhibit an increase in order, though
only slightly. However, even if th is is the beginn ing of a trend toward a more
ordered system on the flat su rface, these results demonstrate that the
graphoepitaxy induced by the patterned su rface provides a significant
improvement in the d riving force for ordering. The FFT images in Figure 3. 1 3
demonstrate the increase in long-range order in the 60K samples with
annealing time for the patterned and flat wafers. From this figure, it is also
clear that after just 4 hou rs of annealing, the sample on the patterned silicon
has significantly more order than those on the flat surface. After 1 44 hou rs the
sample prepared on a patterned su bstrate has 6 distinct peaks , while the
sample prepared on flat sil icon only begins to show a the appearance of 6
peaks.

Thus, these results ind icate that the template prepa red on a flat

substrate does evolve towards a system with improved long-range order, but
the evol ution is very slow.
For the samples prepared using the 230K MW polymer, there is no
change in the extent of long-range order observed in the thin film as the
an nealing ti me is increased from 4 hours to 1 44 hou rs. The order parameter
remained very close to zero, signifying no long-range order in this sa mple.
This was true for both the flat and the patterned silicon su bstrates.
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Figure 3.13: Fast Fourier Transform images as annealing time increases
from 1 hour to 1 44 hours for 60K molecu lar weight samples prepared on flat
silicon substrate (A1 , 8 1 , and C1 ) compared to samples prepared on 1 .5 Lo
mesa height, 1 6 µm wide trough, patterned silicon substrates (A2 , 82, and
C2).
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Figure 3. 1 4 shows the FFT for the 230K polymer template prepared on a flat
su bstrate and a patterned substrate that have been annealed for 1 44 hours,
exhibiting no real difference between these two samples.

This is in

agreement with previous work in our lab that demonstrated that long range
order in not attainable u nder these experimental conditions for large
molecu lar weight polymers. 62
This result is also consistent with the previous work repo rted by Xu et
al . wh ich examined the competition between the kinetics of microphase
separation and the kinetics associated with ordering of microdomains normal
to the surface. 59 Cylindrical domains with diameters between 1 4 and 50 nm in
d iameter were read ily created in this study using microphase-sepa rated
copolymers with various molecular weights. However, when the molecu lar
weight of the copolymer is increased to 295K, all lateral ordering of the
cylindrical micro-domains perpend icular to the su rface is lost for nanoporous
templates prepared on flat substrates. 5 The extent and rate of microphase
separation in diblock copolymers is known to be controlled by the product,
xN , where

x is the Flory interaction parameter between the two components

of the diblock, and N is its degree of polymerization . As xN increases with
molecular weight, the d riving force for microphase separation increases and
occu rs very qu ickly for large molecular weight polymers.

This may seem

counterintuitive, as it is well-known that increased chain length slows down
the dynamics of a polymer chain, which would suggest that longer polymer
chains would microphase separate more slowly. However, microphase
72

A.

B.
Figure 3.1 4: Fast Fourier Transform images of 230K MW polymer annealed
for 1 44 hours prepared on A. flat substrate, B. 1 .5 Lo mesa height, 1 6 µm
wide trough, patterned substrate. No difference is observed indicating no
improved ordering from patterned substrate.
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separation is a local process that only requires short-range motion of the
chains.
Conversely, the ordering of the cylindrical micro-domains occurs much
more slowly with an increased molecular weight, as this process requires the
coordinated motion of many chains. Two possible molecular level processes
for cylindrical domain reorganization include the motion of whole cylinders in
the annealing process or the destruction and reorganization of the cylinders
one chain at a time. The first method requires the coordinated motion of all
chains comprising the cylinder, where the entire cylinder would migrate
through the matrix as a single object.

The second method involves the

diffusion of individual copolymer chain lateral to the cylinders. In this case
individual chains would diffuse through the matrix.

In either case the

improvement in order of the cylinders requires many chains to diffuse, either
individually or as a group. This diffusion is progressively impeded as the
molecular weight of the copolymer increases. Consequently, high molecular
weight polymer thin films may become trapped in a non-equilibrium state on
experimental timescales, due to the slow molecular motion of larger polymer
molecules. This may result in a lack of long-range order in these thin films
and result in the existence of a practical limit on the chain length that can be
used to form nanoscale templates with long-range order.
As mentioned above, one molecular level process that can lead to the
improvement of long-range order in the packing of the cylinders is the lateral
self-diffusion of individual copolymer chains in the phase separated medium.
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Inspection of the relative timescales needed for the molecular motion of the
two polymer chain lengths examined here via this mechanism may provide
insight into the factors that impact and limit the development of long range
order in diblock copolymer thin films. The diffusion process of a single diblock
copolymer in a microphase separated diblock copolymer system has a
thermodynamic barrier, which is a result of the polymer chain experiencing an
enthalpic penalty from mixing the two blocks during the diffusion process.
Qualitatively, this enthalpic penalty retards diffusion, while the quantitative
extent of the retardation depends on the microphase morphology, chain
length, degree of entanglement, and the immiscibility between the blocks. 63 In
the cylindrical morphology, two separate diffusion coefficients can be defined:
Dpar, which quantifies the rate the diffusivity of the polymer chain that occurs
parallel to the cylinders, and Dperp, which quantifies the rate the diffusivity of
the polymer chain across the microdomain interface. The formation of a highly
ordered array would require self-diffusion that is perpendicular to the
microdomains. The rate of this diffusion mechanism can be related to the
unhindered diffusion of the copolymer chain by63•64
Operp -

Where

x

Doexp(-ax,Nm1n)

(3.3 )

is the Flory-Huggins interaction parameter, Nmin is the degree of

polymerization of the smaller block, Do is the diffusion coefficient of the
copolymer chain in the absence of any interactions (x - 0), and a is a
parameter on the order of unity. The equation demonstrates the exponential
dependence of the decrease in copolymer chain diffusivity with x.Nmin· The
75

unhindered · polymer

cha in

d iffusivity

also

scales

with

degree

of

polymerization : 65
(3.4)
Finally, the distance that a polymer chain will diffuse (Lo) in a given time (t) is
given by:
Lo

=

(4Dt) 1 12

(3. 5)

Qualitatively, equations 3.3-3.5 imply that higher molecular weight d iblocks
will requ ire significantly longer annealing times to achieve the same degree of
ordering as a smaller chain, as the diffusivity of the larger copolymer is
smaller due to both chain length and thermodynamic factors, wh ile
simultaneou sly, the required d iffusion length will be larger due to the increase
in interdomain spacing of the morphologies associated with longer chain
lengths.
The comparison of the d iffusive properties of the two molecu lar
weights exa mined in th is study can be quantified by using equations 3.3-3 .5.
If we first consider unh indered d iffusion , the relative timescale of the motions
of the two polymer chains can be determ ined using equations 3 .4 and 3.5. N
of the 60K copolymer is 595, while that of the 230K copolymer is 2275. Th us,
from equation 3.4 the unh indered diffusivity of the 230K is 1 4.6 times slower
than that of the 60K copolymer, as shown in equation 3.6.

N 60-2
N 230
-2
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D6o = 1 4 . 6

D 2 30

(3.6)

To utilize equation 3.5 to determine a timescale of motion, a length
scale must be chosen. As a minimum length that a chain must diffuse to
create a new domain is the interdomain spacing, Lo will be used as the
targeted length scale of diffusion. Therefore, the ratio of times it takes the two
copolymers to diffuse the length of the interdomain spacing is given by
equation 5:

(3.7)
Substituting equation 3.6, LsoK = 32 nm, and L2JoK = 70 nm into
equation 5, shows that it takes 70 times longer for the larger molecular weight
copolymer to diffuse between domains unhindered than the smaller
copolymer. Thus, even without invoking thermodynamic slowing down it is
clear that the ordering process in the thermal annealing of diblock copolymer
thin films by graphoepitaxy will quickly become untenable as the molecular
weight of the polymer chain becomes larger. Applying this factor of 70 to the
data obtained from the 60K copolymer indicates that long-range order with an
order parameter greater then 0. 7 will require at a minimum annealing at this
elevated temperature, for approximately seven months (5030 hours) for the
230K copolymer. Clearly, the thermodynamic penalty will further impede the
coarsening of the diblock morphologies and thus these numbers must be
viewed within this limitation.
This calculation agrees with the results observed in this study. The
higher molecular weight copolymer does not exhibit any significant long-range
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ordering in the timescales examined, up to 144 hours of annealing at high
temperature.

This result demonstrates a serious limitation to using

graphoepitaxy to induce long range order in diblock copolymer thin films.
Ideally, diblock thin films can be used to create templates of varying spacing
and pore size, which can be controlled by the molecular weight of the
copolymer. However, this set of results indicates that long-range order in the
morphologies present in these thin films can only be induced by
graphoepitaxy for smaller polymer chains, and thus well-ordered pores with
only a narrow range of pore size and spacing is obtainable using
graphoepitaxy.
3.7 Conclusions
It is important from an application driven stand point to improve the
long range order of the diblock copolymer templates. However, the level of
improvement that is required is dependant on the application. A balance
must be achieved between the maximum order and cost effective processing.
For high end applications such as data storage it may be necessary to
achieve a order parameter that is 0.9 or better on a micron length scale.
Conversely, it may only be necessary to have an order parameter of 0.2 if you
are interested in creating a digital display that only requires an improvement
in packing. Therefore, it is important to understand the parameters that
allows for the tuning of the order parameter to create a system with the
required long range order.
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Chapter 4
The Use of Solvent Annealing to Improve the Kinetics of Ordering for
Large Molecular Weight Diblock Copolymer Templates
This chapter examines the use of a toluene vapor rich environment to
create vertically aligned cylindrical domain diblock copolymer templates from
a PS-b-PM MA copolymer. The solvent annealing technique is also examined
to determine if the rate of this method is sufficient to create long range order
of high molecular weight copolymers. The kinetics of this ordering process
are also compared to that of ordering by graphoepitaxy. Because this
techn ique creates long range order rapidly it may be possible to access larger
domain sizes by using larger molecular polymer systems then previously
available. This, in turn, will enable the production of a wider range of array
sizes and spacing for use in a wider range of applications that utilize diblock
copolymer templates for patterning nanoscale objects.
I nspection of the relative timescales needed for the molecular motion
via single chain diffusion provides insight into the factors that impact and limit
the development of long range order in diblock copolymer thin films. The
diffusion process of a single diblock copolymer in a microphase separated
diblock copolymer system has a thermodynamic barrier, which is a result of
the polymer chain experiencing an enthalpic penalty from mixing the two
blocks during the diffusion process.

Qualitatively, this enthalpic penalty

retards diffusion, while the quantitative extent of the retardation depends on
the microphase morphology, chain length , degree of entanglement, and the
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immiscibility between the blocks.

63

I n the cylindrical morphology, two separate

diffusion coefficients can be defined : Dpar, wh ich quantifies the rate the
d iffusivity of the polymer chain that occu rs parallel to the cyl inders, and Dperp ,
wh ich quantifies the rate the diffusivity of the polymer chain across the
microdomain interface. The formation of a highly ordered array would require
some polymer to d iffuse perpendicular to the microdomains. The rate of this
diffusion mechanism can be related to the u nhind ered diffusion of the
copolymer chain by63•64
D perp - Doexp(-axN mi n)
Where

x

(4 . 1 )

is the Flory-Huggins interaction parameter, N m1n is the degree of

polymerization of the smaller block, Do is the diffusion coefficient of the
copolymer chain in the absence of any interactions (x - 0), and a is a
parameter on the order of u nity. The equation demonstrates the exponential
dependence of the decrease in copolymer chain d iffusivity with xN m in· The
unhindered

polymer

chain

diffusivity

also

scales

with

degree

of

polymerization : 65
(4 .2)
Finally, the dista nce that a polymer cha in will diffu se (Lo) in a given time (t) is
given by:
Lo

=

(4 Dt) 112

(4 .3)

Qualitatively, equations 4. 1 -4.3 im ply that templates formed from higher
molecular weight d iblocks will require significantly longer annealing times to
ach ieve the same degree of long range ordering as those of a smaller cha in,
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as the diffusivity of the larger copolymer is smaller due to both chain length
and thermodynamic factors, while simultaneously, the required diffusion
length will be larger due to the increase in interdomain spacing of the
morphologies associated with longer chain lengths.

In chapter 3, we

estimated that 230K diblock copolymer had an unhindered diffusivity that is
14.6 times slower than 60K diblock copolymer when both are ordered by
graphoepitaxy.66
A recent method that has been introduced to improve the ordering of
diblock copolymer templates is the use of solvent evaporation or solvent
annealing. In this technique an improvement in ordering occurs by controlling
the rate of solvent evaporation or by exposing the copolymer films to a
solvent rich environment. This procedure is able to improve the order of the
diblock copolymer template due to the solvent swelling the polymer matrix,
which provides greater mobility of the polymer chains. The improved mobility
of the polymer chains leads to the formation of highly ordered microdomains
very rapidly. In recent work by Kim et al, a diblock copolymer of polystyrene
b-poly(ethylene oxide) (PS-b-PEO) was used to create a nanoporous
template that was prepared using solvent annealing. 29 This technique was
able to remove half of all defects in the template within 1 hour, while after 48
hours all defects had been removed from a 2 µm x 2 µm area. However, the
solvent improves the mobility of the polymer chains to a level that the film will
dewet if annealed too long.
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One mechanism that is proposed to explain the development of long
range order in solvent an nealed diblock copolymer thin films involves the
solvent swelling of the polymer film. For copolymers that contai n immiscible
blocks, the solvent med iates the non-favorable interactions between the
blocks, allowing the copolymer to d isorder. When the polymer film is solvent
swollen , the glass transition temperatu re (T9 ) is reduced to well below room
temperatu re due to the increase in free volume. It is believed that as the
solvent begins to evaporate at the polymer surface , the concentration of
solvent decreases creating a solvent concentration grad ient in the polymer
film that is normal to the surface. (Figure 1 .6) As the concentration of the
solvent at the surface decreases , the microphase separation of the d iblock
copolymer should occur only at the surface. However, the copolymer deeper
in the film is still in a disordered state due to the higher level of solvent
concentration . It is proposed that long range order is introduced in the film by
the propagation of order through the film from the su rface as the solvent
evaporates. The solvent gradient is h ighly directional which may lead to the
formation of cylind rical domains that are well ordered and contai n high aspect
ratios as determined by the film thickness.

29

Kim et al have demonstrated that solvent an nealing is an effective
techn ique to improve the long ra nge lateral order of PS-b-PEO templates with
benzene vapor. 29

This work examines the ability to improve long range

ordering of PS-b-PM MA d iblock copolymer templates with tol uene vapor. An
attractive aspect of th is technique is its reduced sensitivity to film thickness
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which allows for the production of ordered diblock copolymer templates that
vary in polymer film thickness. The lack of sensitivity to the film thickness is a
result of the proposed mechanism for ordering, which is the induction of order
at the polymer air interface which then propagates toward the substrate. As a
result the order is achieved regardless of substrate conditions, which was
confirmed by Kim et al.29 Despite this, all samples prepared for this work
were prepared on random copolymer brush modified substrates, to maintain
consistency with previous experiments66•67 •
High molecular weight (230K) diblock copolymer was spin cast onto a
random copolymer modified silicon substrate from a 3.0% solution in toluene
at 2500 rpm to achieve a film thickness of approximately 150 nm. The
samples were immediately placed into a toluene rich vapor environment for 1,
4, 20, 48, 96 and 144 hours, removed and developed to form nanoporous
templates. In this work comparisons will be made between diblock copolymer
templates of the same molecular weight that are prepared via solvent
evaporation (solvent), templates that are prepared by high temperature
annealing on flat silicon substrates,(flat) and templates that are prepared by
high temperature annealing on patterned substrates via graphoepitaxy
(patterned).
The AFM scans in Figure 4.1 show the level of long range order in the
cylindrical domains when solvent annealed at room temperature for 96 and
°

when annealed at 170 C for 96 hours. Figure 4.2 shows the evolution of the
order parameter at different solvent annealing times in the templates. This
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Figure 4.1 : Phase contrast AFM images of 230K MW diblock copolymer
°
annealed for 96 hours. Top: Annealed at 170 C under vacuum. Bottom:
Solvent annealed in a toluene rich environment at room temperature.
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Figure 4.2: Diagram depicting the order parameter of a 230K molecular
weight diblock copolymer template that has been ordered by varying
techniques; Solvent annealing, Temperature annealed on flat substrates,
temperature annealed on patterned substrates. The line is added as a guide
for the eye.
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evolution of long range order is compared to the long range order achieved
for annealing on flat and patterned surfaces. Figure 4.2 shows that the order
that is achieved when the templates are prepared by high temperature
annealing on a flat surface as well as templates that are prepared on
patterned substrates are not able to achieve an order parameter above 0.05.
Templates that are prepared by solvent annealing were able to create
templates with order parameters approaching 0.2. This order parameter is a
significant improvement over standard high temperature annealing though
well short of perfect order.
While this data demonstrates that solvent annealing improves the long
range order, it is beneficial to provide further insight into the solvent annealing
process and its impact on the diffusivity of the polymers in the diblock
copolymer thin film.

The development of long range order involves the

diffusion of polymer chains, either individually or collectively through the
polymer matrix. As a result the development of long range order is limited by
the d iffusion of polymer. By quantifying the development of long range order,
an understanding of the diffusion of the polymer under different annealing
conditions can be obtained.
Since microphase separation is a local process that requires only short
range motion of the polymer chain, it will occur very quickly, requiring very
little polymer diffusion.

Once the microdomains are formed, long range

ordering requires the diffusion of the entire polymer chain. A microphase
separated diblock copolymer has an average interdomain spacing that is
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determined by the length of the polymer chain which is controlled by its
molecular weight. The average interdomain spacing (Lo) is the similar for
oriented microdomains with long range order as well as without long range
order. The difference between long range ordered templates and templates
with no long range order is their positions relative to other local
microdomains. In order to achieve long range ordering the microdomains
must reposition themselves relative to each other to create an energetically
most favorable state. This reorganization requires the diffusion of the
microdomains as single chains or as whole objects through the polymer
matrix. However the diffusion distance is on the order of Lo or less because
all microdomains in the template begin by being separated by an average
distance equal to L0 • Therefore, the average distance that the polymer chains
must diffuse to create long range order is proportional to the interdomain
spacing of the polymer used to create the template, 70 nm for 230K and 32
nm for 63K. Thus as the distance that a copolymer must diffuse to induce
long range order is on the order of Lo, this distance will be used when
correlating the time of annealing to the diffusion of the copolymer using
equation 4.3, i.e. Lo= Lo.
Without knowing the exact distance that the polymer chains are
diffusing it is impossible to determine the actual diffusivity of the diblock
copolymer in the templates.

However, since the length of diffusion is

proportional to the interdomain spacing of the polymer template it is possible
to determine the relative rates of diffusion of the polymers. As the
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development of long range order involves the diffusion of the polymer chain , it
is possible to quantify the relative rates of diffusion of the polymers for
different annealing conditions by analyzing the rates of development of long
range order for different annealing cond itions. Because the 230K molecu lar
weight diblock copolymer template that was prepared on either a flat
substrate or patterned su bstrate were never able to achieve an improvement
in long range order, it is impossible to make a comparison between it and the
template prepared via solvent annealing. Therefore, it is necessary to relate
the dynamics of to the 63K molecular weight polymer that was able to achieve
an increase in long range order by graphoepitaxy to the solvent annealed
230K template.
The maximum order achieved by the solvent annealed 230K MW
sample was 0. 1 96 which was ach ieved after 48 hours of solvent annealing.
(Figure 4.2)

In work presented in chapter 3 , 8 hours of annealing was

required for a 63K MW polymer sample that was prepared on a patterned
template to create a template with long range order that has very similar to
that of the 230K sample shown in Figure 4.3. Therefore, the ratio of diffusion
time of the 230K copolymer that is solvent annealed to that of the 63K
copolymer that is thermally annealed on a patterned surface is given in
equation 4.4, where Lsop (interdomain spacing of 60K MW polymer prepared
on a patterned substrate) is 32 nm and L23os (interdomain spacing of 230K
MW polymer prepared by solvent annealing) is 72 nm, and t60p is 8 hours and
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Fig u re 4.3 : Graph depicting the evolution of the order parameter as

annealing time increases for the 60K MW polymer. Samples prepared on a
flat silicon substrate are depicted with diamonds. Samples that were prepared
on patterned silicon are depicted with squares.

89

t230s is 48 hou rs. This equation is derived by applying equation 4.3 to the two
systems and taking the ratio of these two equations.

(4 .4)
This calculation indicates that the diffusion of the 63K copolymer annealed at
°

1 70 C on a patterned surface is approximately 25% faster than the 230K
copolymer this is solvent annealed . This is very encouraging considering this
diffusivity ratio of 63K to 230K when both samples were thermally an nealed
on a patterned substrate (Dsop/D 23op) is 1 4 .6. From the two diffusivity ratios ,
(Dsop/D 230s ) and (Dsop/D 23op) it is possible to calculate the diffusivity ratio of
230K templates prepared by solvent an nealing to 230K templates prepared
on patterned substrates (D230JD 23op), which is an order of magnitude higher
( 1 1 .7).
It is also interesting to quantify the increased chain mobility of the
copolymer by solvent annealing by identifying the temperatu re that would be
req uired to create the mobility in the sample that is achieved by solvent
annealing using time temperatu re superposition . Th is can be determined by
correlating the friction factor (() of the copolymer for each annealing process
to the d iffusion of the copolymer in each process. In equation 4.5, K8 is the
Boltzmann constant, N is the degree of polymerization, dr is the tu be diameter
of a reptating polymer, and b is the Kuhn length , which , except for dr, are all
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the same for both annealing processes, as it is the same polymer. 68 It is
expected that the reptation tube diameter is increased by the presence of
solvent molecules during the solvent annealing process. As the solvent
molecules swell the polymer matrix they surround the individual polymer
chains creating a local environment that the individual polymer chains can
more easily move through.

(4. 5)
Taking the ratio of equation 4.5 for the solvent annealed template to
that of the thermally annealed template gives equation 4.6.

(4.6)

The results of equation 4.6, achieved by inserting the known annealing
temperatures, 298 K for solvent annealing and 443 K for thermal annealing,
show the change in the dynamics of the polymer chain when annealed by
solvent. This change in polymer chain dynamics is due to changes in the
local friction factor and changes in tube diameter as shown by equation 4. 7.

(4 .7)
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The introduction of solvent molecules to the template swells the diblock
copolymer thin film. This alters the local environment of individual polymer
chains by surrounding them with small solvent molecules, which increases
the reptation tube diameter. The small solvent molecules can be move more
easily to allow for local polymer chain mobility which allows the individual
polymer chains to move past each other with minimal friction because they
are no longer tightly packed. As a result polymer chain reptation is improved
which enables faster diffusion through the polymer matrix
If it is assumed that all improvement of dynamics occurs by lowering
t�e friction factor, it is then possible to identify the temperature that would
achieve the same lower friction factor that is achieved by solvent annealing at
room temperature. In order to determine the required temperature to achieve
the same friction factor the tube diameters are assumed to be equal. This is
due to the fact that the tube diameters would be the same for the thermally
annealed sample and the theoretical thermally annealed sample. While the
tube diameter would not be equal for the solvent annealed sample, the
effective temperature assumes thermal annealing therefore the tube diameter
would be approximately equal. To make this correlation the temperature
dependence of the friction factor must be known, which is given by the
Williams-Landel-Ferry (WLF) equation (equation 4.8). In this equation C 1 and
C2 are taken from work by Lodge that examined the dynamics of PS/PMMA
diblock copolymers. 68 The unitless values used for C1 and C2 are 7 and 125
respectively.
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logK(J;)) =
(s'('I'r))

GCfs -7;.)
½ + ¼ - i;.

(4. 8)

The solution to equation 4.8 indicates that solvent annealing at room
temperature will provide the equivalent mobility to the copolymer as thermal
°

annealing at 483 K (2 1 0 C).
These calculations shed l ight on the dramatic improvement of chain
mobility and its result of long range order in diblock copolymer thin film
templates by solvent annealing. Because solvent annealing drastically.
reduces the friction coefficient, higher molecular weight polymers are able to
achieve an improvement in long range order that is not possible with other
known ordering techniques. This can lead to the production of well ordered
nanostructures from d iblock copolymer templates with a wider range of sizes
then thermal annealing. While the exact mechanism of the ordering process
is still not completely understood , it is clear that this method is able to quickly
produce diblock copolymer templates with long range order even for high
molecular weight polymers.
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Chapter 5
Using Self-Assembled Diblock Copolymer Th in Fi lms to Tem plate Nickel
Nanodots for Carbon Nanofi ber Growth

In this work the effectiveness of polymer templates formed from diblock
copolymer thin films to produce VACNF from arrays of catalytic nickel dots is
examined. One driving force for the creation of arrays of nanofibers with a
high level of control of their size and spacing is that th is control will enable the
systematic examination of the effect of reduced dimensionality on the
properties of the correlated magnetic and electronic structu res that these
particles may possess. 69 ·70 The use of polymer templates to create arrays of
VACNFs could provide an ideal system to examine the effect of the size and
spacing of the nanoparticles in an array on its magnetic or electronic
properties.
For this study, templates were created from copolymers with two
molecular weights.

The diblock copolymer with the molecular weight of

230,000 produces template with 40 nm d iameter pores that are spaced with a
72 nm center to center interdomain distance, while the diblock copolymer with
the molecular weight of 63,000 produced 1 8nm pores and a 32 nm center to
center spacing. To create the template from the diblock copolymer thin film,
polymer films of PS-b-PM MA were spin cast onto a passivated silicon
su bstrate creating a film that has a thickness that matched the interdomain
spacing of the polymers; the 230,000 MW polymer formed films that ranged
from 72-75 nm thick, while the 63,000 MW polymer was cast as films 3 1 -32
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nm thick.

These thin fil ms were then processed to remove the PMMA

cylinders to create an array of nanopores as described in the experimental
section . (Figure 1 .4) Subsequent deposition of nickel and removal of the
polymer template creates the desired nanoscale array of metal nanodots,
which are then used as catalytic sites for the growth of carbon nanofibers.
In the course of the completion of these experiments, it became
obvious that a variety of parameters d ramatically impact the fidelity of the
nanodot patterns and carbon nanofiber arrays. These parameters include the
thickness of nickel deposited on the template, the surface treatment of the
silicon surface, and the growth time of the nanofibers.
5.1 Nickel Deposition

The goal of the nickel deposition is to create a metal layer on and in the
polymer template that wil l transfer the pattern of the template pores onto the
silicon su rface as metal dots. I nitially, a layer of nickel that is

1

/3

as thick as

the u nderlying polymer film was deposited as an initial attempt at nanodot
array formation, as illustrated in Figure 1 . 7. Upon inspection of these nanodot
arrays by SEM, it was found that dots were present on the su bstrate su rface
sporadically and with no effective order. This poor transfer of the porous
template pattern onto the su rface could be due to many factors.

One

possibility is that the deposited metal did not sufficiently penetrate the pores
and contact the silicon surface during the evaporation procedure. This could
be due to insufficient metal to reach the bottom of the pore. Alternatively, the
nickel may remain in the pore when the polymer is lifted off, rather than
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staying on the silicon su rface. Previous work has reported the patterning of
metal dots using similar templates, and therefore penetration of the pores by
the deposited metal is known to occur in similar systems.
Alternatively, the poor transference of the nickel dots to the silicon
su rface may be due to the removal of the nickel with the polymer during the
polymer template liftoff procedure. One possible reason for poor transference
may be that the thickness of the metal is to large, resulting in strong adhesion
to the template, especially on the pore walls. On removal , the na nodots are
too strongly bou nd to the template wall and are therefore removed .
In order to test the dependence of the thickness of the metal film on
the fidelity of pattern transmission , thin fil ms of nickel that had thicknesses of
50 A , 75A , 1 00A , and 1 25A were deposited on the 70 nm thick 230K MW
polymer film. Figu re 5. 1 shows the resu ltant patterns of nickel on the silicon
surface. This figure shows that the thickness of metal that correlates to the
optimal deposition of patterned dots is the nickel film that is approximately
1 00

A

thick.

Unfortunately, even with this case, there was not complete

transference of the polymer template pattern to the pattern of N i dots for any
pattern. For the 60K MW polymer template, which has a film thickness of 32
nm, Ni films with thicknesses of 25 A , 40 A , 50 A , and 75 A were examined ,
and the success of these metal films to transfer the template structu re to the
metal dots pattern is shown in Figu re 5.2. For this copolymer thin film
template, the transference of the polymer pattern to the nickel nanodot
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A.

C.

B.

D.

Figure 5.1 : Nickel nano-dots templated by 230 K MW polymers 70 nm thick
film. A) 50 nm thick nickel. B). 75 nm C). 1 00 nm D). 1 25 nm.
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A.

B.

C.

D.

Figure 5.2 : Nickel nano-dots templated by 6 0 K M W polymers 3 2 nm thick
film. A ) 25 nm thick nickel. B ) . 4 0 nm C ) . 50 nm D). 75 nm
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pattern is much more complete and uniform over the 230K sample, but it is
still short of 1 00%. The optimal thickness for this system appears to be 40

A.

It is interesting to note that for both copolymer templates, the ratio of the
height of the metal film deposited to copolymer template thickness is -1 :8 for
the optimal transference of the template pattern.
5.2 Silicon Surface Neutralization

To create the porous nanoscale template from the block copolymer
thin film, the surface of the silicon wafer must be neutral to both components
of the block copolymer. 5• 1 0• 67 Two methods to neutralize the silicon surface
were examined in this study, removal of the native oxide layer on the silicon
wafer with HF and the grafting of a random copolymer onto the wafer surface.
The removal of the oxide layer with HF was used to produce the Ni nanodot
arrays that are presented in Figures 5. 1 and 5.2.
The impact of the neutralization procedure on the transference of the
n ickel nanodots to the silicon surface was also investigated . Thus, nickel
nanodots were also deposited on a silicon surface that was passivated by the
attachment of a hydroxyl functionalized random copolymer brush. The
random copolymer brush coated substrates were prepared under the same
conditions as previous samples except for the neutralization technique. This
comparison was completed for the template produced from the 60K MW
diblock. I n this study, 1 0

A, 20 A,

30

A, 40 A,

and 50

A high films of nickel

were deposited on the 32 nm thick diblock copolymer template. Figure 5.3
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Figure 5.3 : Nickel dots after liftoff prepared from a 60K diblock copolymer
template. The template was prepared on a substrate that was neutralized via
random copolymer brush.

1 00

shows that only a sporadic amount of N i dots were present after liftoff when
the templates were formed using th is neutral ization technique.
One possible explanation for the poor transference of the Ni on these
samples is the response of the grafted copolymer brush during the liftoff
proced ure.

As toluene is a good solvent for both PS and PMMA, the

son ication in toluene step during template removal could impact the bind ing of
the nickel to the copolymer brush during th is procedure.

As the brush is

covalently bou nd to the substrate, th is step will not remove the layer, but it is
easy to envision it being swollen by the toluene and loosening the Ni
nanodots from the surface, resulting in their l iftoff during template removal .

5.3 Carbon Fiber Growth
Once the presence of the templated Ni na nodots was confi rmed ,
carbon nanofiber growth was attempted using a chemical va por deposition
(CVD) growth proced ure that is wel l established in the literatu re. 42•43 • 71 During
the tip-type CVD growth process carbon d iffuses into the catalytic nickel
particle from all directions and a carbon coating is formed at the catalyst
silicon interface. This coating limits fu rther diffusion of carbon at the catalyst
silicon interface, wh ich creates a concentration gradient within the catalytic
nanoparticle with very few carbon atoms at the catalyst-silicon interface, and
many diffusing ca rbon atoms at the catalyst-gas interface with no carbon
coating.

This concentration grad ient directs the carbon flow th rough the

catalyst particle and the fiber grows. 43 After the catalyst is consumed , the
carbon fibers will begin to etch back on themselves thus decreasing the
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length of the fibers. Therefore, since the catalytic dots used in this work were
smaller than any previously attempted the growth time was reduced to 1
minute in order to limit the back etching of the carbon fibers. A growth rate of
1 50 nm per minute is expected for this CNF growth procedure. 72 CNF growth
was first attempted on the catalytic Ni that was patterned from the 230K MW
polymer template. I n this case the Ni dots were -40nm in diameter. As seen
in Figure 5.4 the growth was successful with reaction at all dots resulting in
fiber growth . This success encou raged us to attempt to grow fibers from the
1 8 nm diameter dots that were patterned from the 60K MW polymer template.
Again , fiber growth was observed with initiation from all dots. (Figure 5.5)
These results demonstrate that carbon nanofibers can grow from Ni catalytic
dots that are as small as 1 8nm in d iameter, with tight packing of the catalytic
dots.
It is clear that diblock copolymer templates are able to create
nanoscale arrays of nickel nanodots, which , in tu rn , are able to catalyze the
growth of VACNFs. This ability to control the size and spacing of the Ni
nanodots enabled the growth of CNF from catalyst particles as small as 1 8
n m i n diameter with center-to-center spacing of 32 nm. Neither the close
proximity nor the limited catalyst particle diameter impedes the growth of the
CNFs.

Therefore, the use of diblock copolymer templates to produce

patterned nanoarrays of carbon nanofibers may provide an avenue for the

1 02

Figure 5.4: VACNF grown from 40 nm nickel dots patterned using 230K MW
diblock copolymer template

1 03

Figure 5.5: VACN F grown from - 1 8nm n ickel dots patterned using a 60 ,000
MW diblock copolymer template.
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production of nanoscale magnetically and electronically correlated systems.
The complete transference of the pattern of the diblock copolymer thin film
template to the nickel nanodots remains a difficulty that must be addressed in
future work.
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